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Abstract
We calculate the single-spin asymmetries AW
±
N
of W± bosons produced in transversely
polarized pp collisions with the valence part of the up (u) and down (d) quark Sivers
functions treated by an available parametrization and the light-cone quark spectator-
diquarkmodel respectively, while the sea part Sivers functions of u and d quarks treated
as parametrization. Comparing our results with those from experimental data at RHIC,
we find that the Sivers functions of sea quarks play an important role in the determi-
nation of the shapes of AW
±
N
. It is shown that AW
−
N
is sensitive to u sea Sivers function,
while AW
+
N
to d sea Sivers function intuitively. The results show that the contributions
of u and d sea Sivers functions are rather sizable and of the same sign, and their signs
agree with that of d valence quarks and are opposite to that of u valence quarks.
Keywords: pp collisions; quark spectator-diquark model; sea quark Sivers function;
single-spin asymmetries of W± bosons; transverse polarization
1. Introduction
The spin of the nucleon is an active frontier of high energy physics research. In the
past, people believed that all the transverse spin effects should be suppressed at high
energies for the incapability to distinguish between the transverse polarization itself
and its measurable effects. While in 1970’s, the reaction of Λ0 [1] was found to ex-
hibit a strong transversely polarized effect. Ever since then, the transverse single spin
asymmetry (TSSA) has inspired interests both in experimental and theoretical studies.
In experimental aspect, the semi-inclusive deep inelastic scattering process (SIDIS)
by the HERMES [2–5] and SMC [6] collaborations and the hadronic reactions in pp
collision by the STAR collaboration at RHIC [7, 8] have revealed a large transverse
single-spin asymmetry with a clear kinematic dependence on the transverse momen-
tum of the hadron as well as on the Feynman variables. Also the related asymmetries
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are found to be sizable, up to 40%. In recent experiments, the COMPASS [9, 10] and
STAR [11] collaborations have also revealed a non-ignorable asymmetry in the trans-
versely polarized nucleon process.
There exist three important theoretical explanations for the transverse single-spin
asymmetry, including the quark-gluon correlation from higher-twist factorization [12,
13], the quark-nucleon spin correlation [14, 17, 18] due to the transverse momentum
dependent (TMD) parton distribution functions (PDFs) such as the Sivers function [19,
20] or the transverse momentum dependent (TMD) fragmentation functions (FFs) such
as the Collins function [21], and the classical coupling of the orbital and the spin from
quarks [22]. We adopt the TMDs, especially the Sivers function, which stands for
the number of unpolarized quarks in the transversely polarized nucleon, to describe
the correlation effect between the spin of the nucleon and the transverse momenta of
the inner quarks. Besides, the raise of the Wilson line, which is used to ensure the
gauge invariance property of QCD, makes the Sivers function process dependent. Thus
a sign change exists between the initial interaction, which describes the interaction
between the quark and the remaining nucleon in the Drell-Yan (D-Y) or Drell-Yan
type process (e.g., W±/Z0), and the final interaction, which is related to the interaction
between the struck quark and the remaining nucleon in SIDIS [18, 23–27]. Due to
the rich experimental data in SIDIS process, the analyses and extractions of Sivers
functions with large error bars have been performed for both the sea and the valence
parts [19, 20, 28, 31–40]. Also there are some model calculations of Sivers distribution
functions [23, 24, 41–45] for both u and d quarks. Though these studies adopt different
models, they get similarly results, especially in Refs. [42, 44, 45], where both of u and
d Sivers functions are sizable. The size of d Sivers functions is 6-7 times smaller than
that of u Sivers functions. In addition, researchers considered the influence due to the
evolution of TMDs on TSSA [15, 16, 46, 47], and the gluon Sivers function have been
also studied [48, 49, 51, 51, 52].
The TSSA have been observed in transversely polarized p↑p collision process at
RHIC [11], and there have been some discussions on these experimental results [28,
53]. There are still some discrepancies between the theoretical calculations and the
experimental data. Just as the similar situation in the single spin asymmetries in longi-
tudinally polarized ~pp collisions [54], we suspect that the large sea Sivers functions of
u¯ and d¯ quarks should be needed in W± production at RHIC. So we adopt two different
procedures to extract the sea Sivers functions, namely, we treat the valence part of u
and d quark Sivers functions with an available parametrization and with the light-cone
quark spectator-diquarkmodel respectively, while the sea part Sivers functions of u and
d quarks are fitted by parametrization. It is interesting to find that the two procedures
produce similar results about the sea Sivers functions of both u and d quarks.
In this paper, we investigate the contribution of sea quark Sivers functions to AW
±
N
with the valence part modeled by the parameterization and the quark spectator-diquark
model. Sec. 2 presents the definitions and parameterizations of Sivers functions. Sec. 3
presents the necessary formulae of the spin asymmetry, as well as the extractions of sea
quark Sivers functions from the corresponding single spin asymmetries in W± produc-
tion processes. For convenience, we use ∆N q as a short notation for the Sivers functions
of quarks. We find that the shape of AW
−
N
is sensitive to ∆N u¯, while the shape of AW
+
N
is
sensitive to ∆N d¯ intuitively. Both ∆N u¯ and ∆N d¯ are rather sizable and of the same sign
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with the valence ∆Nd and opposite to valence ∆N u for better description of experimen-
tal data. Numerical results and discussions are presented. A summary is given in the
final section.
2. Sivers functions
As we know, the Sivers distribution function plays an important role in explaining
the transverse single spin asymmetries in hadronic processes. It describes the correla-
tion effect between the spin of nucleons and the transverse momenta of quarks. The
general expression for the number density of quarks with flavor q and transverse mo-
mentum k⊥, inside a proton with spin S and three-momentum p, is:
∆N fq/p↑(x, k⊥) = fˆq/p↑ (x, k⊥) − fˆq/p↓ (x, k⊥) = fˆq/p↑ (x, k⊥) − fˆq/p↑(x,−k⊥),
fˆq/p↑(x, k⊥) = fˆq/p(x, k⊥) +
1
2
∆N fq/p↑(x, k⊥)Sˆ · pˆ × kˆ⊥ (1)
= fˆq/p(x, k⊥) +
k⊥
mp
f
⊥q
1T
(x, k⊥)Sˆ · pˆ × kˆ⊥, (2)
here ∆N fq/p↑ (x, k⊥) is the so called Sivers distribution function [19, 20, 33]. For conve-
nience in description, we adopt the sign convention of f
⊥q
1T
along with Refs. [42, 55],
where the Sivers function is positive for u valence quarks and negative for d valence
quarks, in analogy with the signs of u and d valence quark helicity distributions.
2.1. Parameterizations
Sivers functions can be extracted or parameterized from SIDIS data [19, 20, 28, 32,
34, 35, 55]. To estimate the Sivers functions from data, we introduce the following two
different parameterizations, e.g., a point-by-point form in Refs. [55, 56], and a general
form in Ref. [28].
The point-by-point method, which is parameter-free, relies on the simple assump-
tion of the Gaussian behavior in the transverse momenta and the experimental data in
SIDIS. The Sivers valence and the isotriplet u¯ − d¯ component of the Sivers sea can
be extracted at fixed-point by solving the equations of the spin asymmetry. Through
this method, uv Sivers function is positive (black solid circles) and dv Sivers function
is negative (black open circles), as shown in Fig. 1, and the results are consistent with
following parameterization and model calculations. The value of the Sivers sea u¯ − d¯
is compatible with zero.
The general parameterized form of Sivers functions [28] is usually based on the
following formulae:
∆N fq/p↑ (x, k⊥) = 2Nq(x)h(k⊥) fq/p(x, k⊥);
Nq(x) = Nq xαq (1 − x)βq
(αq + βq)
(αq+βq)
αqαqβq
βq
;
h(k⊥) =
√
2e
k⊥
M1
exp (−k2⊥/M21),
(3)
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where Nq, αq, βq and M1 (GeV/c) are free parameters to be determined by fitting the
experimental data. Since h(k⊥) ≤ 1 for any k⊥ and |Nq(x)| ≤ 1 for any x (notice that we
allow the constant parameter Nq to vary only inside the range [−1, 1]), the positivity
bound for the Sivers function,
|∆N fq/p↑ (x, k⊥)|
2 fq/p(x, k⊥)
≤ 1, (4)
is automatically fulfilled. The unpolarized TMDs are expressed as:
fq/p(x, k⊥) = fq(x)
1
π〈k2⊥〉
e−k
2
⊥/〈k2⊥〉. (5)
The relevant parameters of valence quarks are from Ref. [28]: Nuv = 0.18± 0.01±0.04,
Ndv = −0.52 ± 0.08±0.20, αuv = 1.0 ± 0.3±0.6, αdv = 1.9 ± 0.5±1.5, βuv = 6.6 ±
2.0±5.2, βdv = 10.0± 4.0±11.0, M21 = 0.8±0.20±0.9 (GeV/c)2, and 〈k2⊥〉 = 0.57± 0.08.
During the later fitting period, we neglect the TMD evolution and just consider the
collinear evolution of unpolarized distribution functions. Besides, we adopt CTEQ
parametrization (CT14LO) [50] as an example for the input unpolarized PDFs.
2.2. Model calculations
In Ref. [42], the valence u and d Sivers functions are predicted based on the SU(6)
quark spectator-diquark model (denoted as qD model) by considering both scalar and
vector diquarks. The basic formulae for the valence Sivers functions are:
f⊥a1T (x, k
2
⊥) = −
MPay
k1⊥
f a1 (x, k
2
⊥). (6)
Pu/dy =
Im
(
T u/d
int
)
Mu/d . (7)
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T uint = −
1
2
(M +
m
x
)
k1⊥
x
e1e2
4π
1
Λs(k
2
⊥)k
2
⊥
ln
Λs(k
2
⊥)
Λs(0)
−
[2
9
(M +
λV
1 − x )
k1⊥
1 − x +
1
9
(M + 2
λV
1 − x −
m
x
)
· 1 − x
(1 + x)
k1⊥
x
]e1e2
8π
1
Λv(k
2
⊥)k
2
⊥
ln
Λv(k
2
⊥)
Λv(0)
, (8)
T dint = −
e1e2
4π
1
Λv(k
2
⊥)k
2
⊥
ln
Λv(k
2
⊥)
Λv(0)
[2
9
(M +
λV
1 − x )
k1⊥
1 − x
+
1
9
(M + 2
λV
1 − x −
m
x
)
1 − x
(1 + x)
k1⊥
x
]
, (9)
Mu = 1
2
[
(M +
m
x
)2 +
k2⊥
x2
]
h2s +
1
9
[
(M +
λV
1 − x )
2 +
k2⊥
(1 − x)2
+
k2⊥
x2(1 − x)2 +
(1 − x)2
(1 + x)2
k2⊥
2x2
+ (
1
2
M +
λV
1 − x −
m
2x
)2
]
h2v , (10)
Md = 2
9
[
(M +
λV
1 − x )
2 +
k2⊥
(1 − x)2 +
k2⊥
x2(1 − x)2 +
(1 − x)2
(1 + x)2
k2⊥
2x2
+(
1
2
M +
λV
1 − x −
m
2x
)2
]
h2v, (11)
in which
Λs/v(k
2
⊥) = k
2
⊥ + x(1 − x)(−M2 +
m2
x
+
λ2
S/V
1 − x ),
hs/v =
1
k2⊥ + x(1 − x)(−M2 + m
2
x
+
λ2
S/V
1−x )
. (12)
The related parameters are:
λS = 0.6 GeV, λV = 0.9 GeV,
m = 0.36 GeV, M = 0.94 GeV ,
(13)
here λS , λV , m and M are the masses of the scalar diquark, the vector diquark, the quark
and the proton respectively. We adopt the value of 〈k2⊥〉 fixed in SIDIS [28, 32, 33]:
〈k2⊥〉 = 0.57 (GeV/c)2.
The related comparisons of valence quark Sivers functions between the parameter-
izations [28] and the model calculations [42] are presented in Fig. 1.
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Figure 1: x f
⊥(1)
1T
at Q = 2 GeV. The scripts para16 are the valence Sivers functions of u and d from [28];
qD model are the valence Sivers functions of u and d from [42], and the open (solid) circles denote the
extracted results of valence Sivers functions from [55].
From Fig. 1, we notice that the results of the parameterization [28] can be compara-
ble with those from the extractions [55, 56], while the results of the model calculations
are different from them. But in all of the three cases, the Sivers functions are of positive
sign for u valence quarks and negative sign for d valence quarks.
3. Results
3.1. AN in W
± production process
The W± production process has a clean final state without any fragmentation pro-
cess, therefore the W± production process can be used as a key tool to study the TSSA.
The TSSA for W± production process is given by:
AN =
dσ↑ − dσ↓
dσ↑ + dσ↓
=
dσ↑ − dσ↓
2dσ
, (14)
here the subscripts ↑ (↓) mean the transversely polarized direction of the initial nucleon.
The factorization theorem of cross sections based on the TMDs in W± production
process p↑p → W±X → ℓ±νX is [14]:
dσ =
∑
ab
fˆa/p(xa, k⊥a) ⊗ fˆb/p(xb, k⊥b) ⊗ dσˆab→ℓ±ν, (15)
here fˆa/p(xa, k⊥a) ( fˆb/p(xb, k⊥b)) mean the parton distribution functions with longitudi-
nal momentum fractions xa(xb) and transverse momenta k⊥a(k⊥b), i.e., they are unpo-
larized TMDs. dσˆab→ℓ
±ν is the cross section for the parton process ab → ℓ±ν.
So the unpolarized cross section is:
dσ =
∑
ab
∫ [
dxa d
2k⊥a dxb d2k⊥b
]
fˆa/p(xa, k⊥a) fˆb/p(xb, k⊥b) dσˆab→ℓ
±ν. (16)
Also the transverse spin dependent cross section is:
dσ↑ − dσ↓ =
∑
ab
∫ [
dxa d
2k⊥a dxb d2k⊥b
]
∆N fa/p↑ (xa, k⊥a) fˆb/p(xb, k⊥b) dσˆ
ab→ℓ±ν. (17)
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So the expression of TSSA is:
AW
±
N =
dσ↑ − dσ↓
2dσ
=
∑
ab
∫ [
dxadxbd
2k⊥ad2k⊥b
]
∆N fa/p↑ (xa, k⊥a) × fˆb/p(xb, k⊥b) × dσˆab→ℓ±ν
2
∑
ab
∫ [
dxadxbd2k⊥ad2k⊥b
]
fˆa/p(xa, k⊥a) × fˆb/p(xb, k⊥b) × dσˆab→ℓ±ν
,
(18)
here xa = M e
y/
√
s, xb = M e
−y/
√
s, and y is the rapidity of the W boson.
After above discussions, the TSSA is directly related to the Sivers distribution func-
tions. During our calculations, we adopt the pp center-of-mass frame. The momentum
of the polarized incoming proton is along the z axis, while the spin of the proton is
along the positive y-axis. Other variables are from the experiment at RHIC: the mass
of center-of-mass frame
√
s = 500 GeV, and the momentum of the produced W boson
0.5 ≤ qT ≤ 10 GeV.
Besides, the cross section σˆ0 of the parton process ab → W± → ℓ±ν is
σˆ0 = |Vab|2
√
2πGF M
2
W
3s
, (19)
here |Vab| is the weak interaction quarkmixing (CKM)matrix elements,GF is the Fermi
weak coupling constant, and MW is the mass of W boson.
But the direct Sivers functions for the Drell-Yan and Drell-Yan type W±/Z0 pro-
duction processes are still unknown. Upon the gauge invariance of QCD, there exists a
sign change between SIDIS and Drell-Yan (including W±/Z0 production) process [23–
26, 28, 57, 58]. Based on this theorem, we can simply use the Sivers function of SIDIS
with a sign change to study W±/Z0 production processes. For the sake of consistency,
our convention of the Sivers functions keep unchanged as in the SIDIS situation in our
following discussions and statements.
To account for the evolution effects of AW
±
N
, we need to consider both the evolutions
of unpolarized TMDs and the Sivers functions. The CTEQ parametrization (CT14LO),
as an input of unpolarized PDFs, takes the QCD evolution effects of unpolarized PDFs
into account. During our fittings of the Sivers functions and unpolarized TMDs, we
just consider the collinear evolution of unpolarized PDFs. This is not strict because
the evolutions of Sivers function and TMDs are different from that of the unpolarized
PDFs. As the evolution effects in the numerator and the denominator of the asymmetry
AW
±
N
may cancel each other in some ways, our results can be considered as a reasonable
reflection of the evolution effects. Besides, as noted in Refs. [15, 28–30], the evolu-
tions of unpolarized TMDs and the Sivers functions may produce a suppression of the
asymmetries with increasing Q2. So the evolution effect can not explain the large asym-
metries observed in experiments. In this sense, our attempt to understand the physical
mechanism for the large asymmetries can not be eliminated by the evolution effect.
3.2. Numerical calculations
We adopt the forms of sea quark Sivers functions as described by Eq. (3) and
Eq. (5) in our numerical calculations with the valence parts fixed by parameteriza-
tions in Ref. [28] and model calculations in Ref. [42] respectively. The parameters for
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two different modes of sea and valence quark Sivers functions are given in Tab. 1. We
present our numerical results as follows.
In Table 1, Nu¯/d¯, αu¯/d¯, βu¯/d¯ and M1 are obtained by fitting experimental data of
transversely polarized single-spin asymmetries in W± boson production at RHIC [11].
From Table 1, we know that different modes indicate different cases of valence parts.
For example, Mode = 1 and Mode = 2 correspond to the valence parts from the param-
eterization in Ref. [28] and model calculations in Ref. [42] respectively.
∆N qV Mode 〈k2⊥〉 Data
Parameter
Nu¯ Nd¯ αu¯ αd¯ βu¯ βd¯ M1
Para16 1 0.57 W± -1.0 -1.0 4.559 3.265 14.97 14.903
√
0.8
qD model 2 0.57 W± -1.0 -1.0 3.338 3.293 11.370 14.185 1.241
Table 1: Parameters of sea Sivers functions.
Comparing the results in our modes, we can see that different procedures can pro-
duce different distributions of ∆N q¯(x, k⊥). But the basic signs of sea quark Sivers func-
tions are the same. What is more, the results as shown in our modes are consistent with
the parameterizations in Ref. [28], while the values seem to be larger.
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Figure 2: AN
W± at Q = MW GeV for Mode = 1.
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Figure 3: AN
W± at Q = MW GeV for Mode = 2.
8
As for W+, the contributions of d sea Sivers functions are larger than that of u sea
Sivers functions, due to d¯ ≪ u. Similarly, u sea Sivers function plays an important
role on AW
−
N
. In Ref. [28], the contributions of sea quark Sivers functions are quite
smaller. In our work, we also consider the sea quark Sivers functions, just as the solid
black curves shown in Fig. 2 and Fig. 3. Besides, to exam the contributions from u
and d sea quark Sivers functions, we calculate AW
±
N
by setting one of the sea quark
Sivers functions ∆N q¯ = 0, e.g., the black dashed curves represent the contributions
from ∆N d¯ , 0 with ∆N u¯ = 0, while the black dotted curves stand for the contributions
from ∆N u¯ , 0 with ∆N d¯ = 0.
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Figure 4: f
⊥(1)
1T
(x) at Q = 2 GeV for Mode = 1, 2. (b): u¯ − d¯ denotes the extracted result from [55].
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Figure 5: |∆N q(x)|/2q(x) at Q = MW GeV for Mode = 1, 2.
From Table 1, by comparing the two different modes, we observe that u and d sea
Sivers functions have the same sign, and their signs agree with that of d valence quarks
and are opposite to that of u valence quarks, for better descriptions of the data. In
Fig. 2 and Fig. 3, the calculated AW
±
N
can match the data with sizable sea quark Sivers
functions. Besides, a good description of the shape of AW
−
N
depends on negative valued
u sea quark Sivers functions mainly, while the good reproduction of the shape of AW
+
N
depends on negative valued d sea quark Sivers functions mainly. The results of sea
quark Sivers functions can be comparable with the extracted results of the isotriplet
u¯ − d¯ component from Ref. [55] in Fig. 4, where we notice similar results for the two
modes of sea Sivers functions. In all modes, the ratios of ∆N q¯(x)/q¯(x) with q = u or d
satisfy the general relation Eq. 4 as shown in Fig. 5.
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Based on the obtained sea quark Sivers functions in Table 1, we can also calculate
AZ
0
N
of Z0 bosons as shown in Fig. 6.
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0STAR Z
Mode=1
Mode=2
(a) AN
Z0
.
Figure 6: AN
Z0
at Q = MZ GeV for Mode = 1, 2.
From Fig. 6, we can see that the results seem to be smaller than the detected data,
though our results are actually larger when comparing with those in Ref. [28].
From above discussions, we know that the theoretical calculations of AW
±
N
could
match the experimental data with sizable sea quark Sivers functions. Besides, the x-
dependent relation of sea Sivers function could provide better description of the shapes
of AW
±
N
in comparison with those predicted from previous parameterizations and model
calculations.
It is interesting to compare our results of u and d sea Sivers functions with the sea
quark helicity distributions from longitudinally polarized pp collisions [54], in which
the spins of sea quarks are also sizable, i.e., ∆u¯ > 0 and ∆d¯ < 0 with different signs.
The sea Sivers functions of u and d quarks in transversely polarized nucleon are also
sizable, but tend to have the same sign, i.e., ∆N u¯ < 0 and ∆N d¯ < 0. What is more, based
on statistical consideration [59, 60], an intuitive explanation can be given to explain the
signs of u and d sea quark helicity distributions, while there still lacks a physical picture
to understand the signs of u and d sea quark Sivers functions in the transverse polarized
case.
4. Summary
In summary, we investigate the contributions from sea quark Sivers functions to the
single-spin asymmetries AW
±
N
of W± bosons in transversely polarized pp collisions. To
confront with the experimental data at RHIC, we adopt two different modes of Sivers
functions in our calculations. It is shown that AW
±
N
are sensitive to the quark Sivers
functions, especially the sea quark Sivers functions. This study provides an intuitive
picture about the role played by the single-spin asymmetries AW
±
N
on our understanding
of the nucleon spin structure. The results indicate rather sizable Sivers functions of u
and d sea quarks, with both of them having opposite signs to that of valence u Sivers
functions. The combination with previous results of u and d sea quark helicity distribu-
tions from longitudinally polarized pp collisions [54] can enrich our knowledge on the
importance of sea quark contributions to the nucleon spin. Therefore further theoretical
10
and experimental studies are needed to explore the Sivers functions of both sea quarks
and valence quarks of the nucleon in more details.
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